Cooperative transmission protocols attract a great deal of attention in recent years as an efficient way to increase the capacity of multi-hop wireless networks in fading environments. In this paper, we propose and analyze a cooperative transmission method, called CooperativeAided Skipping multi-Hop protocol (CASH), for multi-hop wireless networks with Rayleigh fading environments. For performance evaluation, we compare and verify the results of the theoretical analysis with the results of simulations. key words: cooperative transmission, outage probability, multi-hop network, fading environments, automatic repeat request (ARQ) 
Introduction
To improve the reliability of data transmission in wireless networks, a cooperative diversity protocol [1] has been proposed. Currently various cooperative transmission protocols have been studied in several literatures [1] - [3] in the view points of implementation issues, performance evaluations with outage analysis. So far, most of works related to cooperative communication have focused on single-hop networks. However, there are still significant challenges for cooperative multi-hop transmission in wireless network. In [4] , the outage analysis of multi-hop diversity protocol has been analyzed. In this protocol, each node at multi-hop route listens from all of its previous nodes and combines them optimally, therefore no need to select relay at each hop. In [5] , [6] , the joint problem of cooperative communication and routing algorithm in multi-hop networks has been proposed. These algorithms can achieve power savings as compared to the non-cooperative schemes; however implementation of such algorithms, which require global channel state information to select a route, is very difficult.
In this paper, we propose an extension of single hop cooperative protocols to a multi-hop cooperative protocol called Cooperative-Aided Skipping multi-Hop protocol (CASH). As the single hop cooperative protocols, CASH also improves the end-to-end capacity of the system in terms of outage probability and data rate. By relaxing the condition of transmission range, we do not limit the receiving node to be only the next node. In CASH, a signal can be forwarded from a transmitting node to an arbitrary node on the established route with the help of a relay. Hence, CASH can skip several hops, reduce transmission time as well as save the power consumption. Besides, we also derive the closedform expressions of end-to-end outage probability for this protocol in Rayleigh fading environments and verify them by simulations.
System Model
We consider a m-hop wireless network that has a selected route consisting of nodes N 1 , N 2 , . . . , N m , N m+1 , where N 1 is a source node and N m+1 is a destination node, as shown in Fig. 1 . This route is established by the network layer, e.g., Ad-hoc On-demand Distance Vector (AODV) [7] . In Fig. 1 , k-CASH protocol, defined as the protocol in which the signal can be jumped by k hops from transmitting node N j to node N j+k is used to transmit the signal from the source to the destination. We assume m = q × k + r where q and r are integers and 0 ≤ r < q. Consider the first k-hop jump from node N 1 to node N k+1 . At the first time slot, node N 1 sends the signal to node N k+1 . Assume that a relay selection strategy [1] is used, relay R 1 will forward the received signal to node N k+1 at the second time slot if decoding is successful. Otherwise, it will be silent. If node N k+1 can receive the signal from both node N 1 and relay R 1 , it will combine the received signals and do the detection. If node N k+1 decodes correctly, it will send a control signal to inform the previous nodes and transmit the detected signal to node N 2k+1 with the help of relay R k+1 . Otherwise, it will send a control signal to request a retransmission. We denote D as the set of nodes N i (i ∈ {2, 3, . . . , k}) which decoded successfully. If node N i ∈ D and N i is the nearest to N k+1 , then N i is considered as source again and it repeats the procedure as the node N 1 does. Because the number of hops between node N i and node N k+1 is k + 1 − i, so the transmission from node N i to node N k+1 is (k + 1 − i)-CASH. This procedure terminates whenever node N k+1 receives successfully or none of nodes between the current transmitting node and node N k+1 can decode correctly. Similarly, k-CASH Copyright c 2010 The Institute of Electronics, Information and Communication Engineers protocol is used to transmit the signal from node N jk+1 to node
is used to transmit the signal from node N kq+1 to node N m+1 at the last r hops.
Outage Analysis for the CASH
In this paper, we assume that the channel is flat Rayleigh fading plus AWGN and the transmission is made through orthogonal time division. Let denote α i, j as fading coefficient of the channel between node i and j, and η i, j denote the additive noise from node i to node j. The channel coefficients α i, j and η i, j are modeled as independent samples of zero mean complex Gaussian random variables with variance σ
and N 0 , respectively. We assume that the variance of channel coefficient is given by [1] 
where β is called path loss exponent that varies from 2 to 6 and d i, j is the distance between node i and node j.
We define the outage probability between two nodes N i and N j as
where I(N i , N j ) is the mutual information between N i and N j , and R is the target rate of the system. Now, we introduce some notations used in next subsections. Let 
Direct Transmission
The outage probability of direct transmission between node N i and node N i+1 can be given as
where γ = P/N 0 with P is average transmitted power. Be-
. So, Eq. (3) can be calculated as
Relay Selection Strategy
Let us denote L i as the number of available relays at hop i of the route shown in Fig. 1 . It is noticed that a node is considered as a relay of hop i if it is the neighbor of both node N i and node N i+1 . The relay in the hop i with the highest received signal-to-noise ratio (SNR) will become the relay of this hop. Now, we calculate the probability that the selected relay R i is outage as follows:
where
If all α N i ,R j 2 are independent and exponential random variables with the same variance σ
, the outage probability of Eq. (5) can be calculated as
In 1-CASH protocol, the best relay of each hop assists the transmitting node to forward the information towards the next hop. For this case, the outage probability can be written as
Using the CDF of the random variable
Now, replacing the values of Eqs. (4), (6) and (9) in Eq. (7), we can easily calculate the cooperative outage probability of hop i. We denote S as a subset of m that has successfully selected a relay and assume that all the hops are independent. So, the end-to-end outage probability for an m-hop cooperative routing route is
With the k-CASH protocol as mentioned as in Sect. 2, the outage probability must be calculated by recursive method. At first, we calculate the outage probability for a k-CASH transmission from node N i to node N k+i . We consider the following two cases. For case 1, there is no relay assisting node N i to forward signal (L i =0), so the outage probability in this case can be calculated as follows:
For case 2, with L 1 ≥1 similarly to case 1, we can calculate the outage probability in this case as
. Applying Eqs. (11) and (12) with a m-hop route from the source to the destination, the outage probability for k-CASH (k ≤ m) transmission from node N 1 to node N m+1 is
The Average Number of Hops
In this subsection, we calculate the average number of hops H used to transmit a signal from a source node to a destination node successfully. Beside that, from the value of H, the average power consumption for a successful transmission can simply be calculated as P total = 2 × P × H.
First, let us denote P N i ,N j (n)(n ≤ j−i) as the probability that node N i transmits a signal to node N j successfully when the signal only goes through n hops in terms of the usage of ( j − i)-CASH protocol. Now, we consider the k-CASH transmission from node N i to node N i+k with the following two cases:
From Eqs. (14) and (15), we can calculate the average number of hops for the k-CASH transmission from node N i to node N i+k by
For an m-hop route as shown in Fig. 1 , the average number of hops is calculated by
Numerical Analysis
In this section, we provide some simulation results of the outage probability and verify these results with our developed outage analysis. Assume that the number of available relays at each hop is 2 for all simulations. Figure 2 shows the outage probability of the k-CASH protocols and direct transmission (DT) as a function of SNR in both symmetric network and asymmetric network. In Fig. 2(a) , we consider a symmetrical network with Fig. 2(b) , performance of a 7-hop route using 3-CASH protocol is worse than that of the corresponding m-hop routes (m = 3, 5, 9) because 1-hop cooperative transmission is used to transmit the signal to destination at 7th hop. Figure 3 shows the outage probability of the k-CASH protocols by the theoretical results. In Fig. 3(a) , performance of the k-CASH (k > 1) decreases when k increases. This means that a far hop jump is not efficient as a near hop jump. In Fig. 3(b) again, we can see that the usage of 1-hop cooperative transmission at last hop will make the performance decrease. This is reason why k-CASH (k > 2) outperforms when compared to 2-CASH.
In Fig. 4 , we present the average number of hops to transmit a signal from a source to a destination successfully in the symmetrical network. As we can see, when the SNR increases, the average number of hops decreases. The reason is that at high SNR range almost hop jumps are successful and this makes the number of hops decreases. In addi- tion, when the average number of hops decreases, the endto-end delay as well as the power consumption decreases. Thus, CASH can reduce transmission time and save transmission power together.
Conclusion
In this paper, we proposed and analyzed the CooperativeAided Skipping multi-hop protocol (CASH) in multi-hop wireless networks. We also developed the closed-form expressions for the outage probability of k-CASH as well as the average number of hops in both symmetric and asymmetric networks. Simulations showed that the performance of k-CASH protocol is better than that of direct transmission protocol. Besides, k-CASH protocol (k > 1) can reduce the end-to-end delay and save the transmission power consumption.
